









building	 upon	 the	 approach	 first	 described	 by	 Sir	 James	 Hall	 in	 1815.	 Informed	 by	9	
observations	 of	 volcanological	 phenomenon	 in	 nature,	 including	 eye-witness	 accounts	 of	10	
eruptions,	geophysical	or	geodetic	monitoring	of	active	volcanoes	and	geological	analysis	of	11	
ancient	deposits,	analogue	and	numerical	models	have	been	used	to	describe	and	quantify	12	
volcanic	and	magmatic	processes	 that	 span	orders	of	magnitudes	of	 time	and	space.	 	We	13	
review	the	use	of	analogue	and	numerical	modelling	in	volcanological	research,	focusing	on	14	
sub-surface	 and	 eruptive	 processes	 including	 the	 accretion	 and	 evolution	 of	 magma	15	
chambers,	the	propagation	of	sheet	intrusions,	the	development	of	volcanic	flows	(lava	flows,	16	
pyroclastic	density	currents	and	lahars),	volcanic	plume	formation	and	ash	dispersal.		17	
When	 first	 introduced	 into	 volcanology,	 analogue	 experiments	 and	 numerical	 simulations	18	
marked	 a	 transition	 in	 approach	 from	 broadly	 qualitative	 to	 increasingly	 quantitative	19	
research.		These	methods	are	now	widely	used	in	volcanology	to	describe	the	physical	and	20	
chemical	 behaviours	 that	 govern	 volcanic	 and	 magmatic	 systems.	 Creating	 simplified	21	
depictions	 of	 highly	 dynamical	 systems	 enables	 volcanologists	 to	 simulate	 and	potentially	22	
predict	 the	 nature	 and	 impact	 of	 future	 eruptions.	 These	 tools	 have	 provided	 significant	23	
insights	 into	many	 aspects	 of	 the	 volcanic	 plumbing	 system	 and	 eruptive	 processes.	 The	24	
largest	 scientific	 advances	 in	 volcanology	 have	 come	 from	 a	 multidisciplinary	 approach,	25	
applying	developments	in	diverse	fields	such	as	Engineering	and	Computer	Science	to	study	26	
magmatic	 and	 volcanic	 phenomenon.	 A	 global	 effort	 in	 the	 integration	 of	 analogue	 and	27	
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1.0	Introduction	32	
Volcanic	 activity	 is	 often	 unpredictable	 and	 occurs	 in	 an	 environment	 that	 is	 highly	33	














Technological	 limitations	place	boundaries	on	what	we	can	record	 in	nature;	 for	example,	48	
direct	observations	are	often	problematic	as	the	processes	of	interest	are	frequently	hidden	49	
from	view	as	they	occur	beneath	the	Earth’s	surface	or	within	a	pyroclastic	flow	or	plume.		50	
The	 often	 remote	 and	 difficult	 to	 access	 location	 of	 volcanoes	 poses	 further	 logistical	51	
problems	in	studying	processes.		52	
Volcanic	 and	 magmatic	 processes	 occupy	 a	 vast	 range	 of	 scales	 from	 sub-millimetre	 to	53	
kilometres	in	size,	and	the	timescales	over	which	they	take	place	range	over	fractions	of	a	54	
second	up	to	millennia.	 	The	benefits	of	analogue	and	numerical	modelling	mean	that	 it	 is	55	
possible	to	study	these	processes	in	a	controlled	environment,	with	the	opportunity	to	repeat	56	
the	phenomenon	as	 required.	 Laboratory	experiments	 and	numerical	 simulations	 can	 link	57	
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the	 cutting-edge	 techniques	 that	 are	 being	 deployed	 to	 model	 volcanic	 and	 magmatic	69	
processes,	considering	magma	and	lava	rheology,	magma	chambers,	magma	intrusions,	lava	70	
lakes	and	lava	domes,	lava	flows,	pyroclastic	density	currents,	lahars,	volcanic	plumes	and	ash	71	





produce	and	art	 they	 inspire	 (see	Sigurdsson	 (2015b)	 for	a	 summary),	 to	 the	 impact	 their	77	
eruptions	have	on	 individuals,	societies	and	civilizations	 (e.g.	Sheets	2015).	 	However,	 this	78	
fascination	 is	 often	met	 with	 fear	 as	 the	 destruction	 volcanoes	 can	 cause	may	 have	 far-79	
reaching	 effects.	 	 The	 huge	 range	 of	 style	 and	 intensity	 of	 volcanic	 activity	 means	 that	80	
societies	living	nearby	do	so	with	high	risk;	there	are	however	many	benefits	too,	as	volcanoes	81	
produce	 habitable	 environments	 on	 a	 local	 scale	 by	 the	 production	 of	 fertile	 soil	 and	82	
magmatic	 activity	 is	 associated	 with	 economic	 deposits	 such	 as	 copper	 porphyry.	 	 On	 a	83	









Solid Earth Discuss., doi:10.5194/se-2017-40, 2017
Manuscript under review for journal Solid Earth
Discussion started: 15 May 2017













Experimentation	 has	 long	 been	 an	 important	 tool	 in	 geological	 investigations.	 The	 first	104	
analogue	experiments	to	study	geological	processes	was	published	200	years	ago	by	James	105	
Hall	 in	 1815.	 	Hall’s	 experiments,	 carried	out	 ‘with	 such	materials	 as	were	 at	 hand’,	 used	106	
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The	 use	 of	 numerical	 and	 analogue	 modelling	 has	 come	 from	 the	 application	 of	134	
methodologies	 developed	 for	 alternative,	 sometimes	 quite	 disparate,	 purposes.	 From	 the	135	
1950’s	the	fields	of	volcanology,	 fluid	dynamics	and	engineering	came	together	(Figure	3).		136	
Hubbert	and	Willis	(1957)	used	gelatine	solids	injected	with	Plaster	of	Paris	to	study	hydraulic	137	
fractures	 formed	 within	 pressurised	 boreholes,	 however	 the	 experiments	 also	 apply	 to	138	
modelling	magma-filled	fractures	such	as	dykes	and	sills	(Figure	3a);	Fiske	and	Jackson	(1972)	139	
subsequently	used	free-standing	gelatine	models	to	study	magma	propagation	in	a	volcanic	140	
rift	 such	as	Hawaii	 (Figure	3b).	 	 The	 research	of	Morton	et	 al.	 (1956)	modelling	 industrial	141	
plumes	rising	from	chimney	stacks	is	the	basis	of	many	of	the	numerical	models	of	volcanic	142	
plumes	 implemented	 today	 (Figure	 3c).	 	 There	 are	 numerous	 examples	 where	 analytical	143	
models,	numerical	simulations	and	laboratory	experiments	have	helped	to	explain	processes	144	
that	are	 too	 large	or	 too	complex	 to	be	understood	 in	nature.	 	George	Walker	and	Lionel	145	
Wilson	published	experiments	that	studied	the	physics	of	pyroclastic	fallout	from	large	and	146	
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3.0	Parameterisation	of	models	in	volcanology	154	
Recent	 advancements	 in	 computational	 power,	 analytical	 techniques	 and	 experiment	155	
imaging	have	revolutionised	numerical	and	analogue	modelling	in	volcanology,	ensuring	their	156	
continued	use	in	studying	volcanic	and	magmatic	phenomena.	We	define	a	numerical	model	157	
as	 a	 set	 of	 algorithms	 and	 equations	 that	 are	 used	 to	 capture	 the	 physical	 or	 chemical	158	




models	 are	 directly	 informed	 by	 case	 studies,	 others	 are	more	 generalised	 or	 focus	 on	 a	163	
specific	process,	and	where	possible	the	models	are	tested	by	comparing	the	model	outputs	164	
with	 expected	 outcomes	 based	 on	 observed	 or	 measured	 phenomena.	 	 In	 engineering,	165	
analogue	 models	 are	 sometimes	 used	 to	 test	 and	 inform	 the	 development	 of	 numerical	166	
models;	 a	 numerical	 model	 of	 the	 analogue	 experiment	 is	 first	 created,	 and	 the	 results	167	
compared	 with	 those	 of	 the	 analogue	 experiment.	 	 This	 approach	 has	 great	 potential	 in	168	




assumptions	 investigated,	 and	 any	 limitations	 in	 the	 analogue	 or	 numerical	 model	173	





controlled	 by	 the	 rheology	 of	 magma	 and	 deformation	 of	 the	 host	 rock,	 while	 eruptive	179	
processes	are	dependent	on	 the	density	of	 an	eruptive	mixture	and	 the	 characteristics	of	180	
erupted	products.	Modelling	volcanic	mixtures	is	non-trivial	due	to	their	multiphase	nature;	181	
magmas	 comprise	 melt,	 crystals	 and	 gas,	 while	 eruptive	 plumes	 and	 flows	 commonly	182	
comprise	 many	 different	 particles	 sizes,	 in	 addition	 to	 a	 gas	 phase.	 Fundamental	 to	 the	183	
success	of	models	in	volcanology	is	their	parameterisation,	with	the	model	outputs	strongly	184	
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Numerical	modelling	 involves	 the	 selection	and	application	of	 a	number	of	mathematical,	188	
physical	 and/or	 chemical	 assumptions	 to	 represent	 a	 particular	 phenomenon.	 Modelling	189	
requires	 simplifications	 in	 the	 way	 a	 system	 is	 presented	 to	 be	 made.	 	 In	 deterministic	190	
modelling	the	model	output	is	controlled	by	the	model	parameters	and	the	initial	conditions,	191	
whereas	 stochastic	modelling	 involves	an	 inherent	 randomness	 such	 that	 the	 same	set	of	192	
parameter	values	and	initial	conditions	will	produce	a	range	of	model	outputs.		In	volcanology,	193	
the	 majority	 of	 numerical	 models	 are	 deterministic	 and	 the	 application	 of	 stochastic	194	
approaches	is	limited	to	hazard	assessments.		195	
Steady	state	models	are	used	 to	estimate	key	parameters;	however,	 they	only	give	a	 first	196	
approximation	of	the	physical	behaviour	and	require	assumptions	to	be	made.	For	example,	197	






taking	 into	 account	 interaction	with	 the	 surrounding	 environment.	 Examples	 of	 boundary	204	
conditions	 relevant	 to	 volcanic	 systems	 include	 atmospheric	 conditions	 when	 modelling	205	
eruption	 plumes,	 as	 humidity	 and	wind	 strength	 exert	 a	 strong	 control	 over	 the	 height	 a	206	
volcanic	plume	may	reach	in	the	atmosphere,	and	stiffness	of	a	host	rock	when	modelling	207	





between	 a	 phenomena	 and	 its	 surroundings	 are	 commonly	 accounted	 for	 in	 numerical	213	
models	by	simplified	coefficients;	for	example	the	entrainment	of	ambient	air	 into	a	rising	214	
Solid Earth Discuss., doi:10.5194/se-2017-40, 2017
Manuscript under review for journal Solid Earth
Discussion started: 15 May 2017
c© Author(s) 2017. CC-BY 3.0 License.
	 8	
plume	is	described	by	two	entrainment	parameters:	one	considers	radial	entrainment	due	to	215	
turbulent	 eddies	 at	 the	 plume	 edge,	 and	 the	 other	 accounts	 for	 entrainment	 due	 to	 the	216	
effects	 of	 wind	 on	 the	 plume.	 These	 coefficients	 have	 been	 parameterised	 using	 a	217	
combination	of	both	observations	of	the	phenomena	in	nature	and	analogue	experiments.		218	
While	 it	 is	 possible	 to	 account	 for	 the	 effect	 of	 the	 ambient	 conditions	 on	 the	modelled	219	
phenomena,	it	is	considerably	more	difficult	to	account	for	feedback	between	the	modelled	220	
phenomena	and	 its	environment	as	 this	 requires	 significantly	more	computational	power.	221	
Ultimately	 the	 results	 of	 any	 numerical	 simulation	 are	 dependent	 on	 the	 quality	 of	 input	222	




experiments	 are	 sometimes	 used.	 Parameterisation	 of	 analogue	 models	 requires	 the	227	
development	 of	 appropriate	 scaling	 laws	 and	 then	 careful	 material	 characterisation	 at	228	
experimental	conditions.	The	choice	of	analogue	material	will	depend	on	the	parameters	that	229	
are	being	investigated	and	the	conceptual	model	that	is	being	tested;	many	simplifications	230	
are	 required	 in	 order	 to	 track	 the	 impact	 of	 variables	 on	 experiment	 outcomes,	 e.g.	 how	231	
changes	 in	 density	 contrast	 between	 fluid	 and	 surroundings	 effect	 geometry,	 velocity	 or	232	
pressure.	 	 Extracting	 and	measuring	parameters	 and	 variables	 in	 analogue	experiments	 is	233	
crucial	 for	 understanding	 the	 modelled	 phenomena,	 and	 for	 checking	 model	234	
parameterisation	is	consistent	with	appropriate	scaling	laws.		235	
3.2.1	Scaling	experiments	and	choosing	analogue	materials	236	
The	 principles	 and	methods	 to	 scale	 laboratory	 experiments	 were	 laid	 down	 by	M.	 King	237	
Hubbert	 (1937)	 in	 a	 seminal	 paper	 that	 sets	 out	 the	 foundation	 upon	which	 all	 analogue	238	
modelling	should	be	undertaken.		He	stated	that	the	choice	and	characterisation	of	analogue	239	
materials	need	to	be	carefully	considered	in	reference	to	geometric,	kinematic	and	dynamic	240	
scaling	 laws	 between	 the	 laboratory	 and	 natural	 components	 in	 order	 for	 experimental	241	
results	to	be	applied	back	to	nature.	In	the	study	of	subsurface	processes	in	volcanology,	such	242	
as	 magma	 intrusion,	 scaling	 laws	 mean	 that	 it	 is	 possible	 to	 create	 a	 scaled	 laboratory	243	
experiment	where	several	of	the	scaling	criteria,	e.g.	based	on	model	ratios	that	take	 into	244	
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account	length,	time	and	forces,	can	be	met	by	using	a	selection	of	domestic	fluids,	powders	245	
and	 gels.	 An	 early	 advocate	 of	 Hubbert’s	 approach	was	 Ramberg	 (1967)	who	 used	 these	246	
principles	 to	 develop	 centrifugal	 models	 using	 silicone	 putty	 to	 model	 diapirs.	 	 Scaled	247	
analogue	 experimentation	 has	 since	 been	 applied	 in	 a	 huge	 range	 of	 geological	 contexts,	248	
using	model	ratios	for	magma	and	rock	or	using	the	pi	theorem	(e.g.	Merle,	2015).	Although	249	
compromises	are	nearly	always	needed,	there	are	particular	challenges	for	using	analogue	250	
experiments	 to	 study	 conduit	 and	 eruptive	 processes.	 Recent	 review	 papers	 on	 scaling	251	
laboratory	experiments	in	volcanology	include	Galland	et	al.	(2015)	and	Merle	(2015).			252	
Once	 scaling	 laws	 have	 been	 determined,	 appropriate	 analogue	 materials	 need	 to	 be	253	
selected.		To	assist	with	this,	temperature-dependant	Newtonian	and	non-Newtonian	fluids	254	
and	gels	have	been	characterised	in	a	viscometer	or	rheometer	at	a	controlled	temperature	255	







There	 have	 been	 several	 recent	 developments	 in	 imaging	 and	 measuring	 experiment	263	
parameters	and	variables	in	the	laboratory,	drawing	on	technologies	developed	for	industrial	264	









dimensional	 reconstructions	 of	 a	 static	 model	 topography	 with	 cross-sections	 showing	274	
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material	 which	 enables	 stress	 to	 be	 imaged	 when	 it	 is	 deformed	 and	 then	 viewed	 with	278	
polarised	 light.	 	An	 interference	pattern	and	colour	 fringes	are	produced	due	to	gelatine’s	279	
photoelastic	 properties	 (Crisp	 1952).	 	 This	 method	 allows	 differential	 stresses	 and	 their	280	
evolution	 to	 be	mapped	 qualitatively	 during	 an	 experiment	 (see	 Section	 6	 for	 examples).		281	
Lasers	can	also	be	used	to	illuminate	a	thin	vertical	sheet	within	a	gelatine	experiment	(e.g.	282	
Kavanagh	 et	 al.	 2015,	 2017)	 or	 particle	 suspension	 experiment	 (e.g.	 Andrews	 and	Manga	283	
2012),	with	 images	 recorded	 at	 time-defined	 intervals.	 	 Techniques	 such	 as	Digital	 Image	284	
Correlation	(DIC)	can	then	be	used	to	map	internal	strain	changes	for	example	within	gelatine	285	





The	ability	 to	 integrate	measurements	of	 the	 surface	and	 subsurface	development	of,	 for	291	
example,	 magma	 intrusion	 in	 the	 laboratory	 greatly	 strengthens	 the	 ability	 of	 analogue	292	
experimentation	 to	 help	 inform	 numerical	 modelling	 that	 is	 used	 to	 interpret	 volcano-293	
deformation	data	in	nature.			294	
In	 the	 following	 sections,	 we	 describe	 and	 discuss	 the	 range	 of	 analogue	 and	 numerical	295	







and	 lava	 rheology.	 	 Numerical	 models	 of	 magma	 have	 focused	 on	 the	 development	 of	303	
analytical	solutions	that	can	account	for	the	range	of	conditions	that	magma	is	subjected	to	304	
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from	 source	 to	 surface.	 	 Analogue	 experiments	 have	 aided	 the	 development	 of	 these	305	
numerical	models	using	scaled	analogue	materials	which	test	and	help	to	build	a	theoretical	306	
framework	for	modelling	magma.	307	
Magma	 can	 be	 modelled	 as	 a	 multi-phase	 fluid,	 comprising	 a	 melt	 phase	 with	 variable	308	
proportions	 of	 bubbles	 and	 crystals.	 Single-phase	magmas	 (melt	 only)	 are	 very	 rare,	 and	309	
possibly	only	occur	deep	within	the	crust.	Silicate	melts	are	often	modelled	as	a	Newtonian	310	




flow	(Hulme	1974):	316	 " = $	−	$0! 	 	 	 	 	 	 	 	 	 	 	 [2]	317	
where	σ0	is	the	initial	shear	stress	required	to	cause	the	onset	of	flow	when	!	=	0.	Once	the	318	
yield	stress	has	been	overcome,	the	fluid	has	a	constant	viscosity.	More	recently,	the	Herschel	319	
Bulkley	 model	 (Herschel	 &	 Bulkley	 1926)	 has	 been	 applied	 to	 the	 behaviour	 of	 magmas	320	
(Llewellin,	Mader	&	S.	Wilson	2002b;	Mueller	et	al.	2011)	due	to	its	versatility	in	allowing	for	321	
the	 modelling	 of	 a	 spectrum	 of	 magma	 behaviours	 (Newtonian,	 shear	 thinning,	 shear	322	





Modelling	 the	 behaviour	 of	 particulate	 suspensions	 is	 crucial	 for	 describing	 the	 physical	329	
behaviour	 of	 volcanic	 processes.	 Particulate	 suspensions	 are	 ubiquitous	 across	 a	 volcanic	330	
system,	from	crystals	in	magma	to	ash	particles	within	an	eruptive	plume.	Within	magmas,	331	
variations	in	crystal	content	mostly	originate	from	changes	in	temperature,	but	the	particle	332	
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studies	 have	 shown	 that	 particulate	 concentration	 has	 a	 first	 order	 control	 on	 eruptive	338	
behaviour.	 In	 volcanic	plumes,	higher	particulate	 concentrations,	 relating	 to	higher	plume	339	





to	deform	under	 stress.	 In	 steady	 flow	 regimes,	where	 stress	and	 shear	are	 constant,	 the	345	
bubbles	 reach	 an	 equilibrium	 deformation	 defined	 by	 the	 capillary	 number	Ca	 (Manga	&	346	











number	 (equation	4)	does	not	adequately	describe	 the	behaviour	of	 the	bubble,	and	so	a	359	
dynamic	capillary	number	Cd	is	defined:	360	 ,3 = 4 11	 	 	 	 	 	 	 	 	 	 	 [5]	361	
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closer	 to	 understanding	 the	 volcanic	 systems,	 but	 they	 also	 present	 several	 challenges	366	
associated	with	the	additional	complexity	modelled.	367	
A	three-phase	suspension	can	be	modelled	assuming	a	bubble	suspension	base	fluid	with	the	368	








an	 important	 tool	 in	 future	models	 to	better	 constrain	 the	 impact	of	 three-phase	magma	378	
rheology	on	volcanic	eruptions.		Gas	escape	and	the	development	of	permeable	pathways	in	379	
particle-rich	suspensions	has	applications	to	the	study	of	degassing	crystal-rich	magmas,	with	380	




been	 used	 to	model	magma	 (see	 Table	 1	 for	 a	 summary).	Many	models	 use	 a	melt-only	385	
magma	analogue	for	simplicity,	or	in	more	complex	models	two-phase	suspensions	(bubbles	386	
in	 liquid,	or	crystals	 in	 liquid)	and	rarely	three-phase	(bubbles	and	crystals	 in	a	 liquid).	 	As	387	
such,	the	spectrum	of	rheology	that	has	been	considered	in	magma	analogue	models	is	broad	388	
and	includes	the	use	of	Newtonian	fluids,	Bingham	fluids	or	Herschel-Bulkley.			 	389	
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5.0 Magma	Chambers	390	





















like	magmas	 through	 rock	 layers	 with	 differing	 competency	 (see	 Tables	 1	 and	 2).	 	 In	 his	412	
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Several	papers	were	published	in	the	1980’s	exploring	the	cooling	of	a	large	predominatly-420	
liquid	 magma	 reservoir	 using	 analogue	 models,	 studying	 the	 so-called	 ‘double	 diffusive	421	
convection’	 model	 and	 its	 application	 to	 magma	 chamber	 evolution	 (Huppert	 &	 Turner	422	
1981b).	 The	 double	 diffusive	 convection	 model	 accounts	 for	 convection	 of	 a	 fluid	 with	423	
composition	 and	 temperature	 gradients	 acting	 in	 opposing	 directions.	 	 It	 was	 originally	424	
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layer	of	diluted	glucose	 syrup	 in	 a	partially	 filled	 tank	 (open	vent)	or	 fully-filled	 tank	with	457	
density-stratified	 fluids	 (sealed	magma	 reservoir).	 The	use	 of	 a	 shaking	 table	 enabled	 the	458	
authors	to	identify	the	conditions	for	‘sloshing’	of	the	magma	chamber	to	occur.		They	found	459	





Increasingly	 complex	 Finite	 Element	Modelling	 (FEM)	 techniques	 are	 being	 developed	 to	465	
account	for	the	evolving	thermo-mechanical	and	chemical	processes	associated	with	magma	466	
chamber	 recharge	 events.	 Such	 techniques	 are	 applied	 to	 volcanic	 centres	 that	 are	467	
experiencing	periods	of	unrest	to	infer	characteristics	of	the	magma	chamber	including	depth,	468	
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The	occurrence	of	plutons	 that	are	 layered	mafic	 intrusions	 (LMI’s)	has	been	 invoked	as	a	482	
record	 of	 dynamic	 processes	 that	 can	 occur	within	magma	 chambers.	 	 Bons	 et	 al.	 (2014)	483	
developed	a	simple	finite	difference	one-dimensional	model	that	simulates	the	vertical	profile	484	









against	modern	 case	 studies	with	 recent	 volcanic	activity	 (e.g.	 the	Soufriere	Hills	 volcano,	494	





not	consider	magma	injection	mechanisms.	 	There	 is	 therefore	scope	for	more	 interaction	500	





sheet	 intrusions	 called	dykes	 and	 sills	 (see	 Figure	1).	 	 Together	 these	 comprise	 a	 volcanic	506	
plumbing	 system	 that	 stores	magma	 at	 depth	 but	 also	 can	 directly	 feed	 eruptions	 at	 the	507	
surface.	 	 A	 key	 assumption	 in	many	models	 is	 that	 sills	 are	 fed	 by	 dykes.	 	 The	modelling	508	
approach	 depend	 on	 the	 assumptions	 on	 the	 controls	 of	 magma	 intrusion:	 1)	 magma	509	
intrusion	 is	modelled	 as	 a	 hydraulic	 fracture	 using	 the	 principles	 of	 linear	 elastic	 fracture	510	
mechanics	 (LEFM)	 and	 propagation	 is	 driven	 by	 fracturing	 of	 the	 host	 rock,	 or	 2)	magma	511	
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host-rock	materials	 and	 their	 interaction	 needs	 to	 be	 considered.	 Two	 types	 of	 host-rock	516	
analogues	are	commonly	used	depending	on	the	model	being	explored:	gels	such	as	gelatine	517	
for	modelling	 intrusions	 as	hydraulic	 fractures,	 and	granular	materials	 such	as	 compacted	518	





Gelatine	has	been	used	as	an	analogue	host	material	 for	magmatic	 sheet	 intrusions	 since	524	
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Mechanical	heterogeneities	 such	as	 layering	and	 the	presence	of	discontinuities	has	been	541	
shown	to	influence	the	propagation	of	a	fluid-filled	crack	in	an	elastic	gelatine	host	material.		542	
Le	Corvec	et	al.	(2013)	studied	magma	ascent	in	fractured	crustal	rocks	by	injecting	air	into	a	543	




(e.g.	 Kavanagh	 et	 al.	 2013),	 and	 the	 strength	 of	 the	 bonded	 interface	 between	 layers	 is	548	











in	 which	 they	 propagate,	 and	 this	 process	 has	 been	 explored	 in	 gelatine	 analogue	560	
experiments.	 	 Fiske	 and	 Jackson	 (1972)	 used	 a	 gelatine	 solid	 to	 study	 the	 impact	 of	561	
gravitational	forces	on	the	trajectory	of	magma	injections	in	the	crust	applied	to	volcanic	rifts	562	
in	Hawaii	(Figure	3b).		They	used	a	variety	of	moulded	shapes	of	gelatine	such	as	linear,	ridge-563	
shaped	 and	 curved-tapered	 ridge-shaped	 which	 visibly	 deformed	 due	 to	 gravity	 when	564	
released	from	their	mould	and	adhered	to	a	surface.	 	When	 injected	with	dyed	water	 the	565	
dykes	moved	laterally	following	the	ridge	axis	(straight	or	curved).	The	experimental	dykes	566	
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maximum	 extensional	 stress,	 and	 that	 the	 dyke	 arrested	 beneath	 a	 thin	 rigid	 layer.		576	
Subsequent	 dyke	 orientations	 were	 affected	 by	 the	 ratio	 of	 the	 overpressure	 of	 the	577	
unerupted	initial	injection	and	the	remote	tensile	stress,	causing	a	rotation	to	occur.		Menand	578	








been	 studied	using	 gelatine	 experiments	 (e.g.	Hyndman	and	Alt	 1987;	Muller	 et	 al.	 2001;	587	
Kervyn	et	al.	2009;	see	Figure	7b).	 	When	dyke	injection	was	offset	from	the	centre	of	the	588	
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Compacted	 fine-grained	 silica	 flour	has	been	used	as	 a	host-rock	analogue	where	magma	605	
intrusion	is	modelled	as	a	viscous	indenter.		This	material	can	fail	both	in	tension	and	in	shear	606	
due	to	its	non-negligible	cohesion.	Other	comparable	granular	materials	that	have	been	used	607	






resulting	 intrusion	 is	 excavated	 post-emplacement	 and	 its	 dimensions	 linked	 to	 surface	614	
deformation	 (see	 Figure	 8d	 for	 an	 example	 experiment	 setup),	 or	 a	 thin	 quasi-two-615	
dimensional	tank	is	used	to	show	a	cross-section	through	the	experiment	as	intrusions	form.		616	




produced.	 For	 sill	 emplacement,	 Galland	 (2012)	 noted	 the	 symmetrical	 up-doming	 of	 the	621	
initially	flat	experiment	surface	in	response	to	the	sill	emplacement,	with	the	complexity	of	622	
the	sub-surface	intrusion	that	was	later	excavated	being	comparable	to	the	complexity	of	the	623	






analogues	used	 in	dyke	experiments	 include	vegetable	oil	 (Vegetaline),	and	viscous	 liquids	630	
such	as	golden	syrup	and	honey	(see	Table	1).		Solidification	within	dykes	has	been	studied	in	631	
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formed	 sills	 between	 gelatine	 layers	 by	 injecting	 solidifying	 Vegetaline	 directly	 into	 an	636	



















stress	 field,	controls	on	dyke	trajectory	and	tendency	 to	 form	sills	have	been	well	 studied	656	
numerically	(e.g.	Maccaferri	et	al.	2011;	Barnett	and	Gudmundsson	2014).		Three-dimensional	657	
FEM	models	 are	 rare	 as	 they	 require	 re-meshing	 of	 the	 entire	 domain	 and	 so	 are	more	658	
computationally	 demanding	 than	 the	 two-dimensional	 BEM	 approach,	 where	 re-meshing	659	
requires	only	 that	new	elements	 are	added	 to	 the	dyke	 tip	 (see	Figure	9a).	 The	 future	of	660	
numerical	model	approaches	to	study	dyke	propagation	will	need	to	move	towards	three-661	
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of	 large	mafic	 sills	 over	 time	 (Figure	 9b).	 In	 comparison,	Michaut	 (2011)	models	 shallow	672	
magma	 intrusions	 using	 nondimensionalization	 of	 the	 flow	 equation	 to	 describe	 magma	673	
spreading	beneath	an	elastic	crust,	finding	that	the	characteristic	intrusion	length	depends	on	674	
the	elastic	properties	of	the	overburden	and	the	characteristic	intrusion	thickness	depends	675	









There	 are	 several	 challenges	 that	 mean	 testing	 magma	 transport	 models	 is	 not	685	
straightforward.	 	 By	 their	 very	 nature,	magma	 intrusions	 are	 sub-surface	 features	 and	 so	686	
cannot	be	directly	observed	during	their	formation	or	when	they	are	active.		Insight	into	active	687	
intrusion	processes	in	nature	is	typically	interpreted	based	on	analysis	of	surface	deformation	688	
thought	 to	be	 related	 to	magma	movement,	and	 in	combination	with	seismic	data	 that	 is	689	
inferred	to	result	 from	intrusion-related	rock	fracturing.	 	Due	to	these	 limitations,	 there	 is	690	
much	discussion	in	the	literature	regarding	how	to	model	dykes,	either	as	hydraulic	fractures	691	
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(e.g.	 Savitski	 and	 Detourney	 2002)	 have	 been	 used	 to	 interpret	 the	 results	 of	 hydraulic	695	
fractures	 in	 gelatine	 experiments.	 	 Using	 measurements	 from	 gelatine	 experiments	 (e.g.	696	
intrusion	 dimensions,	 injection	 flux,	 fluid	 viscosity,	 host	 material	 Young’s	 modulus	 and	697	
Poisson’s	ratio)	it	has	been	shown	that	dyke	propagation	occurs	in	a	toughness-dominated	698	
regime,	where	the	fracture	properties	of	the	host-material	control	the	dynamics	(e.g.	Menand	699	
and	 Tait	 2002).	 	 Recently	 this	method	 has	 been	 applied	 to	water-filled	 sill	 intrusions	 and	700	
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submerged	 bar	 pulled	 the	 crust	 apart	 at	 a	 constant	 velocity	 along	 an	 incision	 in	 the	wax	728	
surface.	 This	 formed	 zig-zag	 rifting	 morphologies	 reminiscent	 of	 structures	 described	 at	729	
natural	 lava	lakes,	and	enabled	the	calculation	of	the	spreading	rate,	crustal	thickness	and	730	













water-air	 density,	 causing	 the	 bubbly	 mixture	 to	 rise	 into	 the	 surface	 reservoir	 due	 to	744	
buoyancy,	resulting	in	an	increased	lava	lake	level.	Gas	was	then	released	from	the	water	at	745	
the	 surface	 of	 the	 higher	 reservoir,	 progressively	 increasing	 the	 hydrostatic	 pressure.	746	
Eventually	the	hydrostatic	pressure	of	degassed-water	in	the	lake	exceeded	the	pressure	from	747	
below,	preventing	further	rise	of	gas-rich	water	and	resulting	in	collapse	of	the	conduit,	fluid	748	
flow	back	down	 into	 chamber	and	 lowering	of	 the	 lake	 level.	 These	analogue	experiment	749	
results	show	that	rising	lava	lake	levels	in	nature	could	be	explained	by	periods	of	increased	750	
gas	emission	from	the	chamber	through	the	conduit,	and	that	decreases	in	lake	level	could	751	
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increasing	 the	 potential	 for	 explosive	 eruptions	 or	 the	 formation	 of	 pyroclastic	 density	757	
currents.		Modelling	lava	dome	emplacement	and	stability	is	key	for	identifying	thresholds	for	758	
collapse	and	therefore	for	assessing	the	potential	risk	of	such	events.	Aspects	of	lava	dome	759	
emplacement	 that	 have	 been	 studied	 in	 analogue	 experiments	 include	 morphological	760	












simple	 temperature-dependent	 Newtonian	 fluid.	 Balmforth	 et	 al.	 (2000)	 carried	 out	773	
numerical	simulations	of	lava	dome	growth	and	evolution	using	a	Herschel-Buckley	rheology.	774	
They	 found	 that	 the	 yield	 stress	 acting	 in	 the	 dome	 is	 important	 in	 determining	 dome	775	
morphology,	however	the	combined	effects	of	shear-thinning	and	yield	stresses	were	difficult	776	
to	distinguish.	Experimentally,	Griffiths	and	Fink	(1997)	used	a	PEG-kaolin	mixture	to	study	777	
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pyroclastic	 flows,	 lahars,	 debris	 flows	 and	 jökulhlaups	 (see	 Figure	 1).	 The	 application	 of	803	
analogue	 modelling	 to	 volcanic	 flows	 has	 largely	 focused	 on	 understanding	 small-scale	804	
dynamic	processes,	such	as	granular	interaction	or	controls	on	sedimentation,	and	the	role	of	805	
these	processes	on	the	large	scale	phenomena	are	commonly	simulated	in	numerical	models.		806	
Numerical	 models	 are	 driven	 by	 field	 observations	 and	 theoretical	 frameworks	 but	 also	807	
provide	a	stimulus	for	interpreting	observations	and	recognizing	new	phenomena.	Two	types	808	
of	 modelling	 are	 used	 in	 the	 numerical	 simulation	 of	 volcanic	 flows;	 those	 applied	 to	809	
investigate	 the	 physical	 process	 behind	 flow	 emplacement,	 and	 those	 used	 in	 hazard	810	
assessment.	Numerical	models	 developed	 to	 reproduce	 volcanic	 phenomena	 are	 typically	811	
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The	 emplacement	 dynamics	 and	 morphology	 of	 lava	 flows	 has	 been	 investigated	819	
experimentally	using	a	 range	of	 fluids	 (see	Tables	1	and	2)	and	considering	a	 spectrum	of	820	
rheologies,	from	Newtonian	fluids	(e.g.	glucose	syrup;	Stasiuk	et	al.	1993)	to	more	complex	821	
fluids	that	account	for	cooling,	crystallisation	and	develop	a	solidified	crust	during	flow	(e.g.	822	




Lavas	 have	 been	 modelled	 in	 the	 laboratory	 as	 a	 particle	 suspension,	 with	 experiments	827	
showing	that	 increasing	particle	volume	fraction	(Soule	&	Cashman	2005;	Castruccio	et	al.	828	









flow	 (Blake	&	 Bruno	 2000;	Miyamoto	 et	 al.	 2001;	 Nolan	 2014).	 Crust	 formation	 over	 the	838	
cooling	flow	surface	insulates	the	molten	wax	and	creates	tube-fed	flows,	and	blockages	or	839	
restrictions	 in	 the	 tube-fed	 flow	 of	wax	 to	 the	 flow	 lead	 to	 flow	 inflation	 and	 eventually	840	
breakout	from	the	crust.	Blake	&	Bruno	(2000)	used	PEG	wax	experiments	to	demonstrate	841	
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the	 link	 between	 lava	 effusion	 rate,	 lava	 viscosity	 and	 strength	 of	 the	 chilled	 crust	which	842	
impacts	how	and	where	breakouts	from	lobate	structures	occur.	Karlstrom	&	Manga	(2006)	843	












lava	 flows	evolves	both	spatially	and	temporally.	His	experimental	 results	agreed	with	 the	856	












account	 for	 variations	 in	 deformed	 bubble	 and	 crystal	 shape-preferred	 orientations	869	
compared	to	AMS	fabrics	in	different	parts	of	the	flow	(e.g.	Caballero-Miranda	et	al.	2016).	870	
Solidification	and	development	of	columnar	jointing	in	lava	flows	has	been	modelled	using	871	
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analogue	 lava	 correlates	 well	 with	 the	 morphology	 of	 columns	 in	 natural	 lava	 lakes	 and	876	
ponded	 lava	 flows	 such	 as	 in	 Hawaii	 (Goehring	 et	 al.	 2006;	 Müller	 1998)	 or	 the	 Giant’s	877	
Causeway	 in	 Northern	 Ireland	 (Goehring	 &	 Morris	 2005).	 	 However,	 further	 rheological	878	










probabilistic	 assessment	 of	 lava	 flow	 inundation.	 Particular	 emphasis	 has	 been	 on	889	
investigating	the	effects	of	rheology	on	flow	behaviour.		Robertson	and	Kerr	(2012)	analysed	890	
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two	main	 parts:	 a	 dense	 basal	 portion	where	movement	 is	 controlled	 by	 particle-particle	925	
interaction,	and	an	overlying	turbulent	dilute	region	that	is	composed	of	ash	and	gas.	It	is	not	926	
well	understood	how	these	distinct	portions	of	the	pyroclastic	density	current	interact;	this	927	
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2014)	 and	 the	 controls	 on	 co-ignimbrite	 plume	 formation	 from	 dilute	 flows	 using	 talc	 to	946	
represent	 fine	 grained	 ash	 particles	 (Andrews	 &	Manga	 2011;	 2012).	 As	 for	 all	 analogue	947	
experiments,	scaling	is	a	key	issue	when	designing	experiments	to	simulate	explosive	eruptive	948	
phenomena.	 However,	 over	 the	 past	 5	 –	 10	 years,	 significant	 effort	 has	 focused	 on	 the	949	
development	 of	 so-called	 ‘large-scale’	 experimental	 setups	 to	 overcome	 this	 (Figure	 12c)	950	
(Dellino	 et	 al.	 2007;	 Lube	 et	 al.	 2015;	 Valentine	 et	 al.	 2015)	 and	 try	 to	 more	 accurately	951	
reproduce	 observed	 phenomena.	 Such	modelling	 also	 allows	 the	 use	 of	 natural	 eruptive	952	




depth	 averaged,	 and	 solve	 equations	 for	 conservation	 of	 mass,	 momentum	 and	 thermal	957	
energy	(e.g.	Bursik	and	Woods	1996).	Such	models	are	also	steady	state,	and	therefore	do	not	958	
account	for	changes	in	flow	behaviour	with	time.	An	example	of	a	numerical	model	that	has	959	
been	developed	 to	account	 for	both	 the	 turbulent	upper	 layer	and	 the	dense	 layer	 is	 the	960	
transient	model	of	Doyle	et	al.	(2008).	In	this	model,	the	dilute	current	is	described	by	depth	961	
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that	 consider	 dilute	 particle-laden	 gravity	 currents	 (e.g.	 Bursik	 &	 Woods	 1996;	 Dade	 &	966	
Huppert	1996)	to	calculate	properties	such	as	velocity,	temperature	and	density	of	the	flows.	967	
These	 calculations	 have	 a	 small	 number	 of	 parameters	 and	 as	 such	 involve	 a	 number	 of	968	
simplifications,	 allowing	parametric	 studies	 to	be	 conducted	 to	understand	 the	 control	 of	969	
inputs	on	the	modelled	outputs.	The	advancement	of	computational	efficiency	has	enabled	970	




and	particles	 of	 different	 sizes	 and	 density	 simultaneously	 (Figure	 12d).	 	While	 numerical	975	
studies	 of	 pyroclastic	 density	 currents	 still	 largely	 follow	 these	 two	 strands,	 open	 source	976	
computational	 fluid	 dynamics	 programs	 (e.g	MFix	 and	OpenFOAM)	 are	 being	 increasingly	977	












lahar	 flow	 type	 is	 dependent	 on	 the	 concentration	 of	 particles,	 with	 stream	 flows	990	
representing	 those	 with	 low	 particle	 concentrations	 and	 debris	 flows	 with	 high	 particle	991	
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concentration.	 The	 flow	 end	 members	 have	 very	 different	 rheology,	 and	 as	 a	 result	 the	992	
application	 of	 both	 analogue	 and	 numerical	modelling	 techniques	 are	 affected	 by	 similar	993	
challenges	to	those	for	pyroclastic	density	current.		994	
Lahar	analogue	experiments	have	largely	considered	debris	flows,	i.e.	those	with	high	particle	995	
concentration.	 As	 for	 pyroclastic	 density	 currents,	 both	 small	 (metre)	 and	 large	 (tens	 of	996	
meters)	 scale	 analogue	 experiments	 have	 been	 conducted.	 Iverson	 (2015)	 showed	 that	997	





















plumes,	 their	 study	has	been	the	basis	 for	much	of	 the	subsequent	 research	 into	volcanic	1019	
plumes	using	analogue	modelling	and	numerical	models	to	reproduce	behaviour	observed	in	1020	
nature.	1021	
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fluid	 to	 rise	 through	 the	 dense	 fluid,	 reproducing	 those	 characteristics	 associated	 with	1026	
buoyancy	plume	rise	(see	Figure	13a	Carey	et	al.	1988).	Injection	into	a	stratified	fluid	enables	1027	
not	only	modelling	of	plume	rise,	but	also	the	dynamics	of	plume	spreading	once	the	injected	1028	
mixture	 reaches	 neutral	 density	 (e.g.	 Carey	 et	 al.	 1988).	 Variation	 in	 the	 injection	 rate	1029	
provides	 first	 order	 information	 on	 plume	dynamics,	 and	 in	 particular	 on	 the	 controls	 on	1030	












are	 affected	 by	 local	 weather	 patterns.	 To	 account	 for	 such	 scaling	 issues,	 macro	 scale	1043	
experiments	 are	 increasingly	 applied	 to	 investigate	 eruption	 processes	 (e.g.	 Dellino	 et	 al.		1044	





Numerical	 models	 of	 volcanic	 plumes	 serve	 two	 main	 purposes:	 1)	 to	 provide	 input	1050	
information	(for	example	plume	height	and	mass	flux	of	ash	into	the	atmosphere)	for	ash-1051	
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dispersal	 models,	 and	 2)	 to	 investigate	 the	 controls	 on	 these	 parameters.	 Two	 types	 of	1052	













jet	 part	 of	 the	 plume.	 To	 address	 this,	 Kaminski	 et	 al.	 (2005)	 and	 Carazzo	 et	 al.	 (2008)	1066	
developed	 a	 modified	 Reynolds	 number	 dependent	 entrainment	 law	 to	 account	 for	 the	1067	
negative	buoyancy	in	the	jet	portion	of	the	plume.		1068	
Entrainment	coefficients	are	key	inputs	for	plume	models,	and	these	parameters	have	been	1069	








While	modifications	 to	 one-dimensional	 axisymmetric	models	 have	 been	 relatively	minor	1078	
over	 the	 past	 60	 years,	 there	 have	 been	 great	 advancements	 in	 the	 application	 of	more	1079	
complex	 three-dimensional	models.	Great	 improvements	 in	 computational	efficiency	have	1080	
enabled	the	development	of	increasingly	sophisticated	models	(e.g.	Figure	13d;	Cerminara	et	1081	
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al.	2016).	These	models	are	able	to	account	for	a	 larger	range	of	particle	sizes,	over	much	1082	
greater	 scales	 than	 possible	 previously	 (e.g.	 Woods	 1988),	 and	 are	 increasingly	 used	 to	1083	
investigate	the	assumptions	utilized	in	one-dimensional	models	(Suzuki	&	Koyaguchi	2015).	1084	






modelling	 capabilities,	 there	 is	 still	 a	 large	 amount	 to	 learn	 about	 the	 relative	motion	 of	1091	
particles	and	gas.		In	addition,	further	detailed	laboratory	analysis	is	required	to	understand	1092	







the	 injection	 of	 volcanic	 ash	 into	 the	 atmosphere.	 Ash	 can	 be	 transported	 hundreds	 to	1100	
thousands	 of	 kilometres	 downwind	 from	 the	 source,	 impacting	 aviation	 and	 downwind	1101	
communities	 and	 infrastructure.	 Ash	 dispersal	 is	 controlled	 by	 a	 complex	 relationship	1102	
between	volcanic	source	and	atmospheric	conditions;	proximal	to	source	dispersion	is	almost	1103	
completely	 controlled	 by	 the	 characteristics	 of	 the	 eruption,	 while	 distally,	 atmospheric	1104	
physics	take	over.	Given	the	potential	 for	significant	disruption	over	 long	timescales,	 large	1105	
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Maxworthy	 1982;	 Ivey	 &	 Blake	 1985;	 Bursik	 et	 al.	 1992;	 Kotsovinos	 2000)	 into	 the	1112	
atmosphere.	 In	these	examples,	a	dense	fluid	 is	 injected	into	a	stratified	fluid	and	the	less	1113	
dense	 fluid	 rises	 through	the	dense	 fluid	until	 it	 reaches	 its	 level	of	neutral	buoyancy	and	1114	
begins	to	spread	laterally.		1115	
A	 considerable	 number	 of	 experiments	 have	 focused	 on	 the	 physical	 controls	 on	1116	
sedimentation,	 and	 constraining	 parameters	 such	 as	 particle	 terminal	 settling	 velocity.	1117	
Koyaguchi	et	al.	(2009)	specifically	focused	on	the	effects	of	turbulence	on	particle	dispersion	1118	
in	the	atmosphere	by	mixing	spherical	glass-bead	particles	in	water	with	various	intensities	of	1119	
turbulence	 and	measuring	 the	 spatial	 distribution	 and	 temporal	 evolution	 of	 the	 particle	1120	
concentration.	 	 These	 experiments	 provide	 insight	 into	 the	 settling	 behaviour	 of	 particles	1121	
within	a	turbulent	regime,	with	results	providing	information	on	how	particles	are	dispersed	1122	
during	an	eruption.	Particle	terminal	settling	velocity	is	estimated	by	dropping	particles	with	1123	





a	 large	 increase	 in	settling	rate	with	 increase	 in	particle	volume	fraction.	The	results	were	1129	
validated	by	numerical	simulation	of	particle	behaviour.		Manzella	et	al.	(2015)	also	looked	at	1130	
the	 effect	 of	 volume	 fraction	 of	 ash	 on	 settling	 behaviour,	 reproducing	 the	 gravitational	1131	
instabilities	 noted	 in	 field	 observations	 by	 mixing	 high	 concentrations	 of	 ash	 into	 water.	1132	
Finally,	 significant	 research	 has	 focused	 on	 how	 different	 particles	 interact	 with	 each,	 in	1133	
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ash	in	the	atmosphere	requires	the	definition	of	three	components	(Folch	2012):	1)	the	source	1143	





plume	characteristics,	 assume	 intrusion	of	 the	ash	as	 a	buoyant	 current	 and	 simulate	 the	1149	
deposition	 of	 coarse	 ash,	 and	 b)	 advection-diffusion	 ash	 transport	 models	 (Folch	 2012).	1150	
Buoyant	 plume	 models	 describe	 the	 horizontal	 intrusion	 of	 volcanic	 plumes	 into	 the	1151	
atmosphere	as	a	gravity	current	(Bursik	et	al.	1992;	Baines	et	al.	2008;	Suzuki	&	Koyaguchi	1152	
2009;	 Johnson	 et	 al.	 2015).	 They	 are	 capable	 of	 reproducing	 both	 upwind	 dispersal	 (e.g.	1153	
Baines	 et	 al.	 2008)	 and	 plume	 thickness	 variation	 (Johnson	 et	 al.	 2015,	 which	 are	 key	1154	
considerations	 when	 assessing	 hazard	 to	 aviation.	 However,	 the	 majority	 of	 ash	 models	1155	
utilized	to	predict	ash	transport	in	the	atmosphere	are	based	on	the	advection	of	particles	by	1156	
atmospheric	 winds,	 and	 the	 diffusion	 of	 ash	 by	 atmospheric	 turbulence	 (Folch	 2012).	 A	1157	
number	 of	 different	 types	 of	 such	 tephra	 transport	 and	 dispersal	 models	 exist,	 and	 a	1158	
comprehensive	 review	 is	 provided	 in	 Bonadonna	 et	 al.	 (2011)	 and	 Folch	 (2012);	 they	 are	1159	
favoured	 as	 they	 are	 computationally	 efficient,	 allowing	 results	 in	 the	 order	 of	 10’s	 of	1160	






Characterization	 of	 depositional	 processes	 is	 crucial	 for	 interpreting	 volcanic	 deposits,	1167	
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aspects	 of	 the	 volcanic	 system	 in	 detail	 meaning	 that	 some	 important	 research	 will	1178	
undoubtedly	not	be	included	here.		By	focusing	on	sub-surface	processes	such	as	magma	flow,	1179	
magma	chamber	development	and	magma	 intrusion,	 and	extrusive	processes	 such	as	 the	1180	
development	 of	 hazardous	 flows,	 volcanic	 plumes	 and	 ash	 dispersal	 we	 have	 identified	1181	
emerging	 lines	of	 thought	and	make	 four	 suggestions	 listed	below	 that	point	 towards	 the	1182	
future	of	modelling	in	volcanology.		1183	
1. Increased	interaction	between	analogue	and	numerical	modelling	communities	1184	
There	 is	 great	 potential	 to	 improve	 the	 interaction	 between	 analogue	 and	 numerical	1185	




or	 last	 too	 long	 to	 be	 reproduced	 in	 the	 lab.	 	 The	 approaches	 are	 therefore	 highly	1190	











sciences,	 for	 example	 in	 climate	 studies,	 but	 have	 yet	 to	 be	 systematically	 utilized	 in	1202	
volcanology.	1203	
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interface	 into	 the	 stratosphere	 and	 cross	 orders	 of	 magnitude	 in	 time	 and	 space.	 	 The	1206	
objectives	 of	 any	 model	 are	 carefully	 defined,	 and	 different	 approaches	 need	 to	 be	1207	
considered	 depending	 the	 application.	 	 Models	 that	 are	 developed	 in	 the	 laboratory	 or	1208	
numerically	are	ultimately	limited	by	the	conceptual	models	they	simulate,	and	these	will	be	1209	
based	 upon	 diverse	 data	 sources	 such	 as	 geochemistry,	 petrology,	 geophysics,	 real-time	1210	
observations	and	field	geology.		Referring	the	model	outputs	back	to	known	outcomes	based	1211	










In	many	 cases	 the	 conceptual	models	 of	 physical	 processes	 in	 volcanology	 are	 constantly	1222	
evolving,	and	new	 insights	and	developments	 that	 come	 from	advancements	 in	 formative	1223	
fields	 have	 the	 potential	 to	 revolutionise	 the	 framework	 upon	 which	 the	 analogue	 and	1224	
numerical	models	are	based.		For	example,	in	the	case	of	magma	chambers	there	is	current	1225	
discussion	 regarding	 their	 formation	 (see	 Sparks	 and	 Cashman	 2017	 for	 a	 review)	 and	1226	
relationship	with	plutonic	bodies	(see	Lundstrom	and	Galzner	(2016)	and	papers	in	the	same	1227	
Volume	 for	 discussions).	 Advancement	 in	 geochronology	 has	 meant	 that	 high	 resolution	1228	
dating	of	ancient	magma	bodies	is	now	possible,	and	has	since	demonstrated	that	in	at	least	1229	
certain	case	studies	the	magma	was	emplaced	over	a	timescale	that	is	longer	than	the	thermal	1230	
lifetime	 such	 large	magma	masses	 (Galzner	 et	 al.	 2004).	 	 Consequently,	 plutons	 are	 now	1231	
thought	to	have	been	accreted	by	the	in-situ	amalgamation	of	many	small	 increments	and	1232	
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the	 relationship	 between	magma	 chambers	 and	 plutons	 and	 the	 numerical	 and	 analogue	1233	
models	that	are	used	to	study	them	are	being	revisited.		1234	
4. Utilise	a	multidisciplinary	approach	1235	
Volcanology	 as	 a	 discipline	 has	 significantly	 benefitted	 from	 the	 understanding	 and	1236	
technological	advancements	across	diverse	fields,	from	engineering	to	material	science.		Fluid	1237	
dynamics	theory	has	been	applied	to	study	all	parts	of	the	volcanic	system,	for	example	plume	1238	
theory	 that	 was	 initially	 developed	 to	 study	 factory	 emissions	 has	 been	 applied	 to	 the	1239	
development	of	ash	plumes	but	also	the	injection	of	hot,	buoyant	magma	into	the	base	of	a	1240	
magma	 chamber.	 	 The	 combination	 of	 field	 observations	 with	 geophysical	 analysis	 and	1241	
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density	 currents	 and	 lahars	 (IV,	 V;	 see	 section	 8),	 volcanic	 plumes	 (VI;	 see	 section	 9)	 and	1843	
volcanic	ash	dispersal	(VII;	see	section	10).	1844	
	1845	
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	1846	
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	1853	
Figure	 3:	 Photographs	 of	 early	 analogue	 experiments	 that	 have	 inspired	 and	 informed	1854	
decades	of	 laboratory	studies	of	volcanic	and	magmatic	processes:	a)	Excavated	plaster	of	1855	
Paris	 mixture	 that	 was	 injected	 into	 a	 layered	 tank	 of	 gelatine	 to	 model	 dyke	 and	 sill	1856	
emplacement	 (Hubbert	and	Willis,	 1957),	b)	water	 injected	 into	a	 free-standing	 triangular	1857	
prism	of	gelatine	to	simulate	magma	intrusion	in	a	volcanic	rift	(Fiske	and	Jackson,	1972),	and	1858	
c)	injection	of	low	density	fluid	into	a	uniform	ambient	fluid	(Morton	et	al.	1956).	 	1859	
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modelling	 in	 volcanology.	 	 Observations	 and	 measurements	 from	 natural	 volcanic	 and	1863	
magmatic	 phenomenon	 provide	 the	 parameters	 and	 initial	 conditions	 for	 analogue	 and	1864	
numerical	models;	these	models	are	then	tested	against	nature,	with	analogue	models	also	1865	
aiding	the	development	of	numerical	models.	1866	
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glass	beads	 (light	 translucent	particles)	are	 suspended	 in	golden	 syrup	 (scale	bar	500	μm;	1872	
Truby	et	al.	2015).	(e)	Bubble	injection	experiments	using	a	small-gap	parallel	plate	geometry	1873	
to	study	the	development	of	permeable	pathways	in	a	particle-rich	suspension.	Particle	image	1874	
velocimetry	has	been	used	 to	measure	particle	 speed	 in	 three	experiments	with	different	1875	
crystal	fraction	(Oppenheimer	et	al.	2015).	 	1876	
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	1877	
Figure	 6:	 Numerical	 models	 to	 simulate	 magma	 chamber	 accretion	 and	 associated	1878	
deformation	of	the	crust:	a)	Thermomechanical	model	of	the	magma	reservoir	at	Aira	caldera,	1879	
Japan,	 using	 a	 Finite	 Element	 model	 (Comsol	 Multiphysics)	 that	 incorporates	 the	1880	
temperature-dependent	viscoelastic	rheology	of	the	crust	(Hickey	et	al.	2016).	b)	Numerical	1881	
simulation	 of	 the	 magma	 chamber	 at	 Mt	 Pelee,	 Martinique,	 with	 accumulation	 of	 5	 km	1882	
diameter	sills	at	15	x	10-4	km3/yr	over	62,500	years	and	solved	for	the	temperature	of	the	1883	
crust	with	depth	and	melt	fraction	(Annen	et	al.	2008).	 	1884	
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solid,	with	 lh	 indicating	 the	 length	of	 the	dyke’s	buoyant	head	 (Taisne	and	Tait	2011).	 	 (b)	1888	
Series	of	photographs	showing	the	impact	of	a	volcanic	edifice	on	dyke	propagation:	injection	1889	
of	dyed	water	into	gelatine	with	a	conical	surface	load	of	sand	and	plaster	(Kervyn	et	al.	2009).	1890	




Solid Earth Discuss., doi:10.5194/se-2017-40, 2017
Manuscript under review for journal Solid Earth
Discussion started: 15 May 2017





light	 enables	 stress	 to	 be	 visualised	 through	 coloured	 fringes,	 and	 b)	 a	 laser-illuminated	1898	
vertical	section	through	the	experiment,	showing	the	sharp	boundary	between	intrusion	and	1899	
host.	 c)	 Digital	 image	 correlation	 of	 sill	 formation	 from	 a	 feeder	 dyke	 in	 layered	 gelatine	1900	
(Kavanagh	et	al.	2015).	Colours	 indicate	 incremental	strain	 in	the	gelatine,	and	arrows	are	1901	
displacement	vectors	at	the	moment	of	sill	formation:	i)	horizontal	incremental	strain,	and	ii)	1902	
vertical	 incremental	 strain.	 d)	 Experimental	 setup	 where	 Vegetaline	 is	 injected	 into	1903	
compacted	silica	flour	to	model	sheet	intrusions	(Galland	et	al.	2014).	e-f)	Experimental	sill	1904	
formed	 from	a	 feeder	dyke	 in	 layered	gelatine	where	 solidification	effects	 are	 considered	1905	
(Chanceaux	 2013):	 e)	 Typical	 sill-forming	 experiment	 and	 f)	 excavated	 3D	morphology	 of	1906	
Vegetaline	 sill	 showing	 lobed	 and	 segmented	 propagation	 front	 (see	 also	 Chanceaux	 and	1907	
Menand	2014	and	2016).		1908	
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emplacement	 of	 a	 dilute	mixture	 of	 particles	 and	 air	 (Lube	 et	 al.	 2015).	 d)	 Results	 from	1936	
application	of	 the	multiphase	numerical	model	PDAC	 to	 the	blast	phase	of	 the	Mount	 St.	1937	
Helens	blast	of	May	18th	1980	 (Esposti	Ongaro	et	al.	2012).	The	models	 results	 reproduce	1938	
numerous	 features	of	 the	 flows	 that	originated	 from	the	blast,	 including	 the	 formation	of	1939	
turbulent	eddies.	1940	
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PlumeMoM	(Vitturi	et	al.	2016).	 	d)	Three-dimensional	model	 results	 from	the	multiphase	1947	
model	ASHEE	for	the	same	input	conditions	as	c)	(Cerminara	et	al.	2016).		1948	
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